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Recent years have witnessed remarkable experimental progresses on photon manipulation1,2,3 for quan-
tum communication (QC). However, current probabilistic entangled photon sources and the difficulty
of storing photons limit these experiments to moderate distances (about 10-100 km for quantum
cryptography4) and a few photonic qubits. For long-distance (∼ 103-104 km) QC, one must realize
quantum network with many communication nodes via the quantum repeater (QR) protocol5. The
existing implementations6,7,8 of QR seem to be not enough. Here we propose an efficient, fault-tolerant
long-distance QC architecture with linear-optical robust entangler and atomic-ensemble-based quan-
tum memory9,10 for photonic polarization qubits; the architecture is based on two-photon interference,
which is about 108 times more stable than single-photon interference (as used in refs. 6,7) for atomic-
ensemble-based single photons. Incorporating several significant recent advances on atomic-ensemble-
based techniques9−18 and linear-optical entanglement purification3, our scheme faithfully implements
QR and thus enables a realistic avenue for relevant experiments with many photons.
QC ultimately aims at absolutely secure transfer of classical messages by means of quantum cryptography4 or faithful
teleportation of unknown quantum states19. Photons are ideal quantum information carriers for QC. Unfortunately,
photon losses and the decrease in the quality of entanglement (decoherence) scale exponentially with the length of
the communication channel. The QR protocol5 combining entanglement swapping2,20 and purification3,21 enables
to establish high-quality long-distance entanglement in the communication time increasing only polynomially with
transmission distance. Quantum memory is crucial for ensuring polynomial scaling in the communication efficiency
as all entanglement purification protocols must be probabilistic.
Duan et al. (DLCZ)6 proposed an original implementation of QR by using atomic ensembles (AEs) as local memory
qubits. This elegant scheme was believed to have built-in entanglement purification. Unfortunately, the single-photon
interference at photodetectors, used in the DLCZ protocol (see also ref. 7) for entanglement creation and connection,
has to be stabilized at a length scale well below the wavelength of single photons. For instance, to maintain path length
phase stabilities at the level of λ/10 (λ: wavelength; typically λ ∼ 1 µm for single photons generated from AEs16)
requires the fine control of timing jitter at a sub-femtosecond level, which is almost an experimentally forbidden
technique as compared with the lowest reported jitter even for kilometer-scale distances22. This phase-stability
problem could be overcome by interfering two photons, e.g., for ion-cavity system23. However, this improved robust
entanglement creation is unscalable to many communication nodes. In other attractive protocols7,8 it remains to be
seen if local collective operations can be done with high precision which is required for implementing QR. Up to date,
only linear optics provides the experimentally demonstrated precision3 required by the QR protocol.
In recent years, several exciting ideas of using AEs in quantum information processing were proposed, such as
quantum memory9,10 and nearly ideal photon counting24,25. In the efforts of realizing the AE-based QR protocol6,
significant experimental advances11,12,13,14,15,16,17,18 have been achieved recently. Based on these theoretical and
experimental breakthroughs, here we present a robust and faithful implementation of QR for efficient long-distance
QC with linear optics manipulating flying photonic qubits and AEs as localized memory qubits; the time overhead
scales polynomially with the communication length.
A crucial component of our architecture is quantum memory for photonic polarization qubits (see Fig. 1 and
Methods section). Importantly, our quantum memory works even when the two probability amplitudes in the stored
state α |R〉 + β |L〉 are not c-numbers but quantum states of other photonic qubits. As a result, two memories as
in Fig. 1 can be deterministically entangled in their ‘polarizations’ |r〉 and |l〉 by storing two polarization-entangled
photons, e.g., 1√
2
(|r〉 |r〉 + |l〉 |l〉) ↔ 1√
2
(|R〉 |R〉 + |L〉 |L〉). The latter are entangled by a deterministic polarization-
entangler using four single photons, linear optics and an event-ready detection (see Supplementary Information).
With an overall success probability of p1 =
1
8 for perfect photon counting, such an ‘event-ready’ entangler can
deterministically generate two maximally polarization-entangled qubits.
However, in the above entanglement creation mechanism, if the two memories are remotely located, the photon loss
experienced in the transmission of the entangled photon pairs is significant, rendering the entanglement creation for
two remote memories non-deterministic. To overcome this problem (see Fig. 2a), one can first create deterministically
each pair of maximally entangled memories at two adjacent communication nodes (nodes i and i+ 1) as the photon
2FIG. 1: Quantum memory for photonic polarization qubits. Two identical ensembles are identically drived by a classical
field, which is equally right- and left-circularly polarized. Classical and quantized light fields are feed into the first PBSR/L
(‘rotated’ PBS which reflects left-circular photons and transmits right-circular photons) and will leave at two different outputs
of the second PBSR/L. Two half-wave plates (HWP) functioning as |R〉 ↔ |L〉 are placed along the |L〉-output of the first
PBSR/L. As the atomic cell-r (cell-l) works as quantum memory for single photons with right-circular (left-circular) polarization
via the adiabatic transfer method, the whole setup is then quantum memory of any single-photon polarization states. The inset
shows the relevant level structure of the atoms, with the ground state |b〉, the metastable state |c〉 for storage, and the excited
state |e〉. The |c〉-|e〉 transition is coherently driven by the classical field of Rabi frequency Ω(t), and the |b〉-|e〉 transition is
coupled to a quantized light field aˆ with a coupling constant g. The two detunings for the two transitions are both equal to ∆
(the two-photon resonance).
losses can be safely neglected at each node. Then the two photons stored in the two up memories are simultaneously
retrieved and subject to a Bell-state measurement (BSM) at the middle point (entanglement swapping). Conditioned
on the result of this BSM, the remaining two memories, located at nodes i and i+ 1, are maximally entangled in a







−L0/Latt is the success probability of the BSM by taking into account the channel attenuation; Tcc = L0c
is the classical-communication time between nodes i and i+ 1 and T0 the entanglement preparation time at a single
node.
To implement the QR protocol5, one divides the whole communication channel into many segments, each of which
has a length L0 comparable to the channel attenuation length Latt. Entanglement across all segments is first generated
in parallel using the above entanglement creation protocol. The communication length of the original segments can
be extended by entanglement connection shown in Fig. 2b.
With imperfect entanglement and erroneous local operations, entanglement connection, together with decoherence,
will reduce the fidelity of entanglement5. Then at certain stage of entanglement connection, the less entangled states
have to be purified via the entanglement purification prootocol3,21 to enable further entanglement connection. Figure
2c shows how to achieve linear-optical entanglement purification between any specified two nodes, e.g., node-i and
node-j, across which one has two less entangled pairs of quantum memories.
By combining quantum memory for photonic polarization qubits, linear-optical entanglement connection and pu-
rification, our scheme provides a faithful physical implementation of the QR protocol5. An alternative entanglement
creation mechanism without the deterministic feature is also proposed for the same purpose by directly extending the
DLCZ scheme (Zhao, B. et al., unpublished). Below we further demonstrate that the efficiency of our scheme scales
polynomially with the communication distance ℓ.
To this end, we estimate the time for realizing the ‘nested entanglement purification’5. Suppose N ≡ ℓ/L0 = kz and
k = 2l (z, l: integer) entangled pairs of fidelity Fe are created in parallel between A and C1, C1 and C2,...,CN−1 and
B by entanglement swapping within time Tent. We first connect the entangled pairs at all nodes except Ck, C2k,...,
CN−k by BSM at local nodes, resulting in N/k pairs of length k (which corresponds to communication distance kL0)
and fidelity Fk between A and Ck, Ck and C2k,...,CN−k and B. The integer k is chosen such that Fk > Fmin > 12 to
enable further purification. In parallel fashion we construct 2K copies to purify these new pairs. After purification, we
obtain one pair of fidelity > Fe on each of these new segments. We iterate the procedure until the z-th level. The total
time Ttot needed to implement the nested purification can be calculated after a lengthy algebra (see Supplementary
Information). If Top (the local operation time) and T0 are not too large, the main contribution to Ttot is dominated
3FIG. 2: Setups for entanglement creation, connection and purification. a, At two adjacent communication nodes,
nodes i and i + 1, two pairs of memory qubits are first entangled by storing the event-ready entanglement of two photons.
Then the two photons stored in the up memory qubits at the two nodes are simultaneously retrieved and subject to a BSM at
the middle point. This entanglement swapping process will deterministically entangle the two down memory qubits which are
spatially separated to a distance L0. The resulting entanglement is robust in the sense that it does not depend on the phases
that single photons would acquire as they propagate along a long distance23. b, Two well entangled pairs of memory qubits,
one across nodes i − 1 and i and another across nodes i and i + 1, are prepared in parallel. The BSM on the two photons
released simultaneously from the two memories at node i results in, with a probability of 1
2
, well entangled quantum memories
across nodes i−1 and i+1 in a definite Bell state. The entanglement is thus connected up to the communication distance 2L0.
c, Entanglement purification between any specified two nodes (node-i and node-j) across which two pairs of memory qubits are
less entangled. After the simultaneous retrieval of the four single photons stored in the four memory qubits, the two photons
at each node are incident simultaneously on the PBS at that node. Then one uses the linear-optics entanglement purification
protocol (as realized recently3). After a successful purification photons in modes ai and aj are more entangled and then stored
in corresponding memories for future operations.
by the classical communciation and approximated by








2 is the success probability of BSM at local nodes; pmi (1/4 < pmi < 1/2) is the success probability of
the ith purification for the mth nesting level and depends on the fidelity of states before the ith purification. Finally,
we can get between A and B an entangled pair with fidelity > Fe. The total number of consumed entangled pairs
is R = 2N logk 2K+1 = 2(ℓ/L0)logk 2K+1. It is easy to see that both the resources and total time for establishing the
high-fidelity entangled pair between A and B grow polynomially with the distance ℓ.
All the entanglement creation, connection and purification in our scheme rely on two-photon interference. The AE-
based single photon generation15,16 makes use of the electromagnetic-induced transparency16 which is characterized
by narrow spectral transparency window. Single photons generated this way have a large coherence time at about
100 ns (or coherence length of about 30 m). As a result, nearly perfect temporal and spatial overlapping to ensure
good long-distance two-photon interference can easily be achieved at this length scale. In the DLCZ scheme relying
on single-photon interference, phase stabilities should be maintained on the order of sub-wavelength (∼ 100 nm) of
single photons. In this sense, our scheme is thus about 108 times more robust in maintaining long-distance phase
stabilization than the DLCZ scheme and will significantly facilitate the experimental implementation of the AE-based
quantum network.
The QR protocol can tolerate faulty local operations in the few-percent region5, which in our scheme can easily
be outperformed by current linear-optical elements3 manipulating single photons of long coherence length. The
utility of two-photon interference and active entanglement purification by linear optics thus enable fully robust and
fault-tolerant long-distance QC. With distant well entangled quantum memories, long-distance entanglement-based
communications can simply be implemented as the stored photonic polarization qubits can be retrieved on demand
and then subject to further operations, e.g., arbitrary single-qubit operations and BSM, which can all be done with
simple linear optical elements.
4Now let us consider several practical factors for realizing our proposal. Recent years have witnessed significant
experimental and theoretical progresses on the techniques relevant to our scheme. Controllable generation, storage
and retrieval of single photons with tunable frequency, timing and bandwidth have been demonstrated15,16,17,18 based
on the DLCZ protocol. In refs. 17,18 a deterministic single-photon source was demonstrated using measurement-based
feedback protocol. Note that our entanglement creation efficiency shows a novel memory-enhanced feature by using
AE-based, heralded single photons (see Supplementary Information).
A long storage time is crucial for implementing our QR protocol. Storage time of up to 30 µs was reported recently
in ref. 17. An optical dipole trap may have the potential to extend the storage time to 1 second26. According to a
recent proposal27, quantum memory with nuclear atomic spins might have very long storage time of about hours.
One of the major factors affecting the efficiency of our scheme is single-photon detection. Fortunately, based on
the same AE-based quantum memory technique, high-efficiency (> 99%) photon counting24,25 is feasible by using
quantum state transfer and state-selective fluorescence detection with nearly unit efficiency. Using AE-based photon
counting, we can estimate Ttot and resources to create an entangled pair across the distance 1280 km using the
simpliest nesting procedures with l = K = 1, k = 21, N = 27 and L0 = 10 km (i.e., Tcc = 33 µs). The local
operations and initial preparation are considered to be performed in Top = T0 = 10 µs and the photon loss rate
is about 0.1 dB/km. The entanglement swapping and connection are always performed with the working state
F
∣∣∣φ+R/L〉〈φ+R/L∣∣∣+(1−F ) ∣∣∣ψ+R/L〉〈ψ+R/L∣∣∣, where ∣∣∣φ+R/L〉 = 1√2 (|R〉 |R〉+ |L〉 |L〉) and
∣∣∣ψ+R/L〉 = 1√2 (|R〉 |L〉+ |L〉 |R〉).
We assume the initial fidelity F = 0.88 of the adjacent entangled memories in Fig. 2a, as can be estimated by
connecting two adjacent memories from two pairs of photon-memory entanglement of fidelity 0.94 after 5 km free-
space transmission28 of both photons (see Fig. 2a). Our numerical calculation gives the total time Ttot of about 10 s,
the total resources of about 3×104 and a final entangled pair with fidelity ∼ 0.98. Such a high fidelity stems from the
fact that the purification scheme in our proposal is efficient3. We also note that the time overhead can be significantly
reduced by optimization.
Besides decoherence, another source of errors is photon losses. Decoherence and photon losses in transmission
can be overcome in our scheme, as shown above. However, photon losses could also be caused, e.g., by nonideal
photon detections and inefficiency of retrieving photons from quantum memory. Remarkably, further analysis shows
that our scheme is still polynomially efficient for such photon losses and thus completely photon-loss tolerant (see
Supplementary Information). Yet, the AE-based photon counting and well-behaved quantum memory, still under
intensive development, are two key techniques which will greatly help the realistic long-distance QC.
Our fault-tolerant QR protocol exploits the advantages of both linear optics manipulating photons with very high
accuracy and AEs as quantum memory. At the interface of AEs and photons, we can integrate within our proposal
the existing linear-optical quantum protocols and AE-based schemes on photon storage and high-efficiency photon
counting into a single unit. This would allow us to realize all ingredients required for long-distance QC. As we will
report elsewhere, the robust entanglement creation mechanism can be used to entangle a complex multi-party quantum
network for efficient one-way quantum computing with cluster states29. Such an AE-based quantum network provides
an exciting perspective for manipulating a large number of photons for applications ranging from multiparty quantum
information protocols to fundamental quantum experiments. While our scheme is specified to AEs, the general
mechanism can also be applied to other light-matter (e.g., trapped atoms/ions or solid-state devices) interfaces.
Methods
Quantum memory for photonic polarization qubits
The AE-based quantum memory9,10 consists of a coherently driven AE (N ≫ 1 atoms) of large optical thickness
with the level structure shown in the inset of Fig. 1. The whole system may have particular zero-energy eigenstates, the
so-called ‘dark states’ which represent elementary excitations of bosonic quasiparticles, i.e., the dark-state polaritons.
The single-polariton state is |D, 1〉 ≡ Ω(t)√
Ω2(t)+g2N




|0〉 ∣∣c1〉. Here |0〉 (|1〉) is the vacuum (single-
photon) state of the quantized field, |b〉 =⊗Ni |b〉i, ∣∣c1〉 ≡ 1√N ∑Ni |c〉ii 〈b| b〉 is the collective single-excitation atomic
state. Quantum memory works by adiabatically changing Ω(t)such that one can coherently map |D, 1〉 onto either
purely atom-like state |0〉 ∣∣c(1)〉 where the single photon is stored, or purely photon-like state |1〉 |b〉, which corresponds
to the release of the single photon in |1〉. In principle, quantum memory based on this adiabatic transfer method is
reversible, preserves pulse shape of the stored single photons (as shown in ref. 10 by going beyond the simple single-
mode case) and may have efficiency very close to unity. The original quantum memory was proposed for storing a
coherent superposition of photon-number states; two AEs can be entangled by storage of two entangled light fields9.
However, here we need quantum memory for photonic polarization qubits, which is more robust as compared with
other implementations of photonic qubits. Figure 1 shows quantum memory for storing any single-photon polarization
states. For definiteness, let us suppose that the atomic cell-r (cell-l) in Fig. 1 can achieve quantum memory for single-
photon state |R〉 ≡ |1R, 0L〉 = |1R〉⊗|0L〉 with right-circular polarization (|L〉 ≡ |0R, 1L〉 = |0R〉⊗|1L〉 with left-circular
5FIG. 3: Deterministic single-photon polarization entangler. PBS (PBS+/−; PBSR/L) reflects photons with vertical-
polarization |V 〉 (|−〉-polarization; |L〉-polarization) and transmits photons with horizontal-polarization |H〉 (|+〉-polarization;
|R〉-polarization). Here |±〉 = 1√
2
(|H〉 ± |V 〉) and |R/L〉 = 1√
2
(|H〉 ± i |V 〉) . The four single photons are prepared on demand








. After passing through the first PBS and PBS+/−, one selects, with the probability of
1/4, the ‘four-mode’ case where there is one and only one photon in each of the four output modes (a, b; A, B). Then the
Bell-state masurement (BSM) on photons A and B will collapse photons a and b into a definite Bell state conditioned on the
result of the BSM. In our case, a coincidence count between single-photon detectors D1 and D4 (D1 and D3) or between D2 and
D3 (D2 and D4) leaving photons along paths a and b deterministically entangled in
∣∣φ−ab〉R/L (∣∣φ+ab〉R/L), with the Bell states∣∣φ±ab〉R/L = 1√2 (|R〉 |R〉 ± |L〉 |L〉).
polarization) via the adiabatic transfer method described above, namely,
∣∣Dr/l, R/L〉→
{ |R/L〉 ∣∣br/l〉 , forΩ(t)≫ g√N∣∣0R/L〉 ∣∣∣c1r/l〉 , forΩ(t)≪ g√N (2)
by adiabatically changing Ω(t). Here |Dr, R〉 (|Dl, L〉) is the single-polariton state of the cell-r (cell-l), and
∣∣c1r〉 ≡ |r〉
(
∣∣c1l 〉 ≡ |l〉) the single-excitation atomic state of cell-r (cell-l).
The above quantum state transfer is a linear reversible process. Then the proposed setup in Fig. 1 works as a
quantum memory of any single-photon polarization state described by the density operator ρp =
∑
i,j=R,L pij |i〉 〈j|
(pure or mixed), namely, ρp ⊗ |br〉 〈br| ⊗ |bl〉 〈bl| ↔ |0R〉 〈0R| ⊗ |0L〉 〈0L| ⊗
∑
α,β=r,l pαβ |α〉 〈β|. Here
∣∣c1r〉 |bl〉 ≡ |r〉
and |br〉
∣∣c1l 〉 ≡ |l〉. Two AEs being a quantum memory for polarization qubits at each node are thus the required
localized qubit in our scheme (A single AE with two degenerate metastable states is also possible for this purpose).
Supplementary information
In this Supplementary information we provide details about the efficiency and the fault tolerance of our long-distance
quantum communication architecture. We also describe the linear-optical robust entangler. Under photon losses which
might be due to probabilistic single-photon sources, retrieve inefficiency of quantum memory and imperfections of
single photon detectors, our protocol is still efficient. That is, our quantum repeater protocol with AEs and linear
optics is photon-loss tolerant and the time needed to create a remote entangled pair scales polynomially with the
communication distance.
Single-photon polarization entangler.—Deterministic single-photon polarization entangler is depicted in Fig 3. In
ideal case (nearly ideal photon counting and quantum memory of good quality) where single photons can be created
on demand and photon-number counting detectors are used to identify the Bell states, we will obtain two maximally
entangled photons in the outputs a and b, conditioned on a coincidence count in two of the four detectors with a
success probability 18 . The output state can be easily calculated as
|−〉1|+〉1′ |H〉2′ |V 〉2 ⇒ 1
4





[−i(|H〉D1 |H〉D4 − |V 〉D2 |V 〉D3)|φ−ab〉R/L + (|H〉D1 |V 〉D3 + |V 〉D2 |H〉D4)|φ+ab〉R/L]. (3)
6In our scheme, the four single photons are prepared from four AEs via the DLCZ scheme6, which enables con-
trollable generation, storage and retrieval of single photons with tunable frequency, timing and bandwidth15,16,17,18.
Moreover, these AE-based single photons can also be experimentally generated in a fashion heralded by a feedback
mechanism which greatly suppresses two-photon events17,18. By using AE-based, heralded single photons, the present
entanglement creation efficiency shows a novel memory-enhanced feature. To see this more clearly, suppose that each
heralded single photon can be successfully generated with a probability psp. With the help of quantum memory being
able to store these single photons for a reasonable time, the four single photons can all be prepared in parallel within
an average time o(1/psp) such that the successful probability of entanglement creation is o(psp); without quantum
memory, the successful probability will be o(p4sp). Note that the probability of emitting two photons by any AE is
o(p2sp) and can thus be neglected for sufficient small psp.
However, current AE-based single photon sources15,16,17,18 are probabilistic as the retrieve efficiency of single photons
from AEs is not perfect; the probability is determined by the retrieve efficiency pr. Moreover, the mostly used single
photon detectors cannot distinguish between one and more than one detected photons (The visible light photon
counter has the capability to do this with 99% accuracy30). Due to these imperfections, the output state in a and
b is not a pure state but a mixed entangled state. Suppose that the AE-based single photon sources can generate
single photons with probability pr, and the detection efficiency of single photon detectors is η1 for one photon and
η2 for two photons. It is easy to see that when there are 2 photons ({1, 2}, {1, 2′}, {1′, 2}, {1′, 2′}) with probability
p2r(1−pr)2, 3 photons ({1, 1′, 2}, {1, 1′, 2′}, {1, 2, 2′}, {1′, 2, 2′}) with probability p3r(1−pr) and 4 photons ({1, 1′, 2′, 2′})
with probability p4r retrieved from the AEs, there will be a coincidence count between two of the detectors.
Considering all these possibilities, we find that if only one of the four coincidence counts occurs, e.g., D1 and D4 is
registered, the output state in a and b is a mixed entangled state described by


















































1 is the corresponding success probability. Here ρ2c is
one of the maximal entangled Bell states |φ+ab〉R/L = 1√2 (|Ra〉|Rb〉+ |La〉|Lb〉), and
ρ′1c =








(|Ra〉+ |Lb〉)(〈Ra|+ 〈Lb|) + (|La〉 − |Rb〉)(〈La| − 〈Rb|)
4
, (10)
and ρ0c is the vacuum state, which indicates that all the input photons are detected and there is no photon in the
output a and b. To obtain the above results, the resulting entangled state |φ−ab〉R/L is changed into |φ+ab〉R/L by a
local unitary transformation. The total time needed for this process is T0 =
t0
pc
, where t0 is preparation time of single
photons. After the event-ready mixed entangled state is successfully generated, it will be directed and stored into
memory qubits at each communication node as discussed in the main text.
Entanglement creation.—When memory qubits at adjacent nodes i and i+1 both have stored a polarization en-
tangled photons, two photons stored in the up memory qubits are retrieved and subject to a Bell-state measurement
(BSM) at the middle point. This entanglement swapping will create a mixed entangled state between the two down
memory qubits (see Fig. 2a in the main text) described by




























−L0/Latt(p22c + p1cp2c +
p21c






1c by considering the
channel attenuation. Here ρ2e is a maximally entangled state between the two down memory qubits, ρ1e =
|rd〉i〈rd|+|ld〉i〈ld|+|rd〉i+1〈rd|+|ld〉i+1〈ld|
4 is a maximally mixed state denoted by ρ1 in the following and ρ0 is the vacuum
state. The total time needed for this procedure is Tent =
T0
pe
. Due to decoherence in the experiments, the maximally
entangled state ρ2e may also be a mixed state. For simplicity we assume ρ2e is a mixed state of fidelity Fe, described
by ρ2e = Fe |φ+ldrd〉〈φ+ldrd |+ (1− Fe)|ψ+ldrd〉〈ψ+ldrd | of fidelity Fe > Fmin, where |φ+ldrd〉 = 1√2 (|rd〉i|rd〉i+1 + |ld〉i|ld〉i+1)
and |ψ+ldrd〉 = 1√2 (|rd〉i|ld〉i+1 + |ld〉i|rd〉i+1) are maximally entangled states between the two down memory qubits at
nodes i and i+1 (see Fig. 2a in the main text).
Nested entanglement purification.—To create a remote entangled pair, a nested entanglement purification is
needed5,31. Here any step of purification is done with linear optics, as experimentally realized3. Suppose N ≡
ℓ/L0 = k
z and k = 2l (z, l: integer) mixed entangled pairs of fidelity Fe are created between A and C1, C1 and C2,...,
CN−1 and B by the above method. We first connect all the nodes except Ck, C2k,..., CN−k by entanglement swapping
(see Fig. 2b in the main text). This procedure yields N/k pairs of length k (which corresponds to communication
distance L = kL0) and fidelity Fk between A and Ck, Ck and C2k,...,CN−k and B. After the j th connection, one can
get a mixed entangled state































α2 + α+ 1/4
, (18)
and α = p2ep1e =
p2c
p1c








1sj−1/4). Here the two-photon
density matrix ρ2sj is ρ2sj = Fsj |φ+〉sj 〈φ+| + (1 − Fsj )|ψ+〉sj 〈ψ+| of fidelity Fsj = F 2sj−1 + (1 − Fsj−1 )2. Note that
ρs0 = ρe is the mixed entangled state created by entanglement generation. One can find that p2sj , p1sj , and p0sj are
the same for all the connection steps, which means that the probability to find two photons in the left memory qubits
will not decrease with distance in the entanglement connection process. The time needed for the ith connection step





j−1Tcc + Top], (19)
with Ts0 = Tent. We have Fk = Fsl ≥ Fmin so that the resulting entangled pair can be purified by the quantum
purification protocol. The total time needed after the l-th step can be estimated by














































2 is a constant. It is easy to see that the total time scales polynomially
with the connection distance.
To purify these entangled pairs, we construct 2K copies in parallel. After purification, we obtain one pair of fidelity
> Fe on each of these new segments. After the j-th purification step, the entangled states in these new segments can
be described by





































r(1− pr)F 2pj−1η1η2 + p2r(1 − pr)2(Fpj−1 + 1/2)η21
















































r(1− pr)F 2pj−1η1η2 + p2r(1− pr)2(Fpj−1 + 1/2)η21




















[Tpj−1 + Top + 2
lTcc].
We also have Tp0 = Tsl and ρp0 = ρsl . In order to see clear how the time Tpj and the probability p2pj changes
during the purification process, for simplicity, we assume the detection efficiency η1 = η2 = η, the retrieve efficiency
pr is 1, and we also approximate the fidelity F = 1 for convenience.
Under these assumptions, we have
p2pj =
4p22pj−1











2p22pj−1 + 4p2pj−1p1pj−1 + 8p2pj−1p0pj−1 + p
2
1pj−1
















Through some calculations, we find that
p2pj
p1pj
= α, p2pj ≈ α
2















, which also scales polynomially with the purification steps.
9We iterate the nested purification procedure until the z-th level, and finally we get a remote entangled pair described
by
ρf = p2fρ2f + p1fρ1 + p0fρ0. (31)
The probability that one can find two photons in the remote entangled memory qubits is p2f ≈ α22K−1 , and



















)logk ℓ/L0 , which also scales polynomially with
distance. We thus show that our quantum repeater protocol is totally fault-tolerant.
For all practical purposes of using ρAB, the presence of ρ1 and ρ0 merely reduces the efficiency in all quantum
information protocols (e.g., quantum cryptography) relying on two-photon coincidences between A and B. This is the
price one has to pay when using poor photon detections and poor memories.
In ideal cases, we have pc =
1
8 , pk =
1
2 , and pe =
1
2e
−L0/Latt . Assuming the communication time Tcc > T0,











mi, where pmi is the success probability of the ith purification for the mth nesting level.
High-efficiency (> 99%) photon counting based on the AE-based quantum memory technique24,25 will eliminate
significant noises in our protocol. The improvement of the retrieve efficiency of single photons from AEs32 will also
improve the quality of the AE-based single photon sources used in our scheme. Thus, the future advance on AE-based
photon counting and quantum memory will push quantum communication into a longer and longer length scales.
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